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Integrated Fast Battery Charger Using an Electrically Excited Synchronous Machine-
Based Drive System

XINYU MA

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This thesis investigates an integrated off-board fast battery charging system uti-
lizing an Electrically Excited Synchronous Machine (EESM)-based drive topology.
The aim is to reuse the existing traction inverter and machine windings as part of
a DC/DC boost converter, thereby reducing system cost, volume, and component
redundancy. To achieve this goal, three levels of simulation were carried out. First,
an excitation-based Finite Element Analysis (FEA) in ANSYS Maxwell was per-
formed to determine losses and inductances of the EESM under various operating
conditions. Second, a system-level co-simulation between Maxwell and ANSYS Sim-
plorer /Simulink was conducted, in which the electromagnetic model of the machine
interacted dynamically with the converter and control system. This enabled real-
time calculation of inductances and losses under variations in both shift angle and
rotor position.

Finally, a Simulink-based system simulation was carried out to analyze current rip-
ple, torque generation, and efficiency across different frequencies. The results show
that phase-shift modulation predominantly affects the current waveform and rip-
ple behavior, while the magnetic coupling and inductance remain almost constant.
Increasing the switching frequency reduces stator core losses but has minimal im-
pact on copper losses. Overall, the proposed integrated EESM-based fast charger
demonstrates high feasibility and efficiency. It achieves compact system integration,
stable electromagnetic performance, and effective control of current ripple and core
losses—offering a sustainable approach for future electric vehicle charging architec-
tures.

Keywords: Electrically Excited Synchronous Machine (EESM); Integrated Charger;
DC/DC Boost Converter; PWM Phase Shift; Co-simulation; Finite Element Anal-
ysis (FEA); Losses






Acknowledgements

I would like to begin by expressing my sincere gratitude to Prof. Yujing Liu, my
examiner, for his insightful comments, constructive suggestions, and valuable time
devoted to reviewing my thesis. His expertise and guidance have greatly improved
the quality and depth of this work.

I would also like to extend my heartfelt thanks to my supervisor, Dr. Luca Boscaglia,
for his continuous support, patient guidance, and encouragement throughout the
research process. His knowledge, enthusiasm, and attention to detail have been a
constant source of inspiration and learning.

[ am equally grateful to all the professors and staff of the Sustainable Electric Power
Engineering and Electromobility program for creating a supportive and stimulating
academic environment.

Finally, I would like to thank my family and friends for their unwavering support,
understanding, and encouragement, which have accompanied me through every step
of this journey.

Xinyu Ma, Gothenburg, December 2025

vii






Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Glossary
AC Alternating Current
DC Direct Current
EESM Electrically Excited Synchronous Machine
FEA Finite Element Analysis
MMF MagnetoMotive Force
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1

Introduction

1.1 Background

In recent years, with the rapid development of the electric vehicle (EV) industry,
the voltage platform of traction batteries has been continuously increasing. The
800 V high-voltage battery is gradually becoming a trend, aiming to achieve higher
power density and shorter charging time[l]. However, most of the existing public
DC fast-charging infrastructures are still based on 400 V systems, which creates a
mismatch in voltage levels. As a result, an additional DC/DC converter is usually
required to enable energy transfer from 400 V chargers to 800 V batteries.

Traditional solutions often rely on a separate DC/DC converter together with the
on-board charger (OBC). This not only increases system cost and hardware volume
but also reduces energy efficiency and space utilization of the vehicle. It is worth
noting that the key components of a boost converter—inductors, power switches, and
diodes—are already present in the traction inverter and motor system. This brings
a new idea for building a highly integrated charging architecture, where the DC/DC
function can be realized by reusing the inductance of the stator windings of an
Electrically Excited Synchronous Machine (EESM) together with the semiconductor
devices in the inverter, without adding extra power components. This solution
can reduce cost and weight, improve compactness and efficiency, and has therefore
attracted increasing attention in recent years|2].

However, reusing the motor and inverter as an integrated charger also introduces
several challenges. First, the inductance of the EESM is strongly affected by current
magnitude and core saturation, and its nonlinear characteristics may increase cur-
rent ripple, which could reduce charging efficiency and shorten battery life. Second,
strong electromagnetic coupling between the stator and rotor may generate addi-
tional torque and undesired rotor movement during charging, which could threaten
system stability. In addition, different modulation and control strategies (such as the
phase shift of PWM carriers) may have complex impacts on inductance, losses, and
current ripple[3]. Therefore, it is of great theoretical and engineering significance
to carry out systematic modeling and simulation to understand the mechanisms of
such integrated systems.

Against this background, this thesis focuses on the integrated DC fast-charging ar-
chitecture based on an EESM drive system. By combining Finite Element Method
(FEM) electromagnetic simulations with system-level co-simulation, this work in-
vestigates the variation of inductance, the loss mechanism, and the influence of
modulation strategies under different operating conditions, so as to provide theo-
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retical support and optimization guidelines for the design of efficient and reliable
integrated charging systems[4].

1.2 Scope

The scope of this work covers both electromagnetic modeling and system-level anal-
ysis of the integrated charging system. The main aspects include:

1.3

Inductance Estimation: Evaluation of the inductance of the EESM under
various operating conditions using Finite Element Method (FEM) simulations.
High-Frequency and High-Current Analysis: Electromagnetic FEM sim-
ulations to assess machine performance in high-frequency and high-current
applications, including iron and copper losses.

System-Level Simulation: Co-simulation of the complete charging circuit
(machine + converter + controller) to assess feasibility, with a particular focus
on current ripple behavior.

Harmonic Losses and Modulation Strategies: Investigation of the im-
pact of modulation carrier phase shifting on harmonic losses and current ripple.

Limitations

The limitations of this study are as follows:

Lack of Experimental Validation: The work mainly relies on FEM modeling
and system-level simulations, without validation through hardware prototypes.
The conclusions therefore need to be further confirmed by experiments in
future research.

Motor Type Restriction: The study is based on a specific topology of the
Electrically Excited Synchronous Machine (EESM). The applicability of the
results to other motor types, such as Permanent Magnet Synchronous Ma-
chines (PMSMs) or Induction Machines (IMs), requires further investigation.
Limited Control Strategy: Only typical PWM carrier phase-shift strategies
and PI control are studied in this thesis. More advanced control algorithms,
such as Model Predictive Control or nonlinear control, are not covered.
Thermal and Reliability Factors Not Considered: The research focuses on elec-
tromagnetic and circuit characteristics. Issues such as thermal management,
long-term reliability, and safety of the motor and power devices are not deeply
discussed.
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Theory

2.1 Boost Converter

A boost converter is a common DC/DC topology used to step up the input voltage
to a higher DC output voltage. Its basic components include an inductor L, a power
switch (typically a MOSFET or IGBT), a diode, and an output filter capacitor C.
By periodically storing energy in the inductor and releasing it to the load, the
converter achieves voltage amplification[5].

2.1.1 Operating Principle

The operation of the boost converter can be divided into two main states within a
switching period Tj:
1. Switch ON (Energy Storage Phase): When the switch is turned on, the input
voltage source V;, is directly applied to the inductor L. The inductor current
increases linearly according to

di, Vi

= (2.1)

During this interval, the diode is reverse-biased and the load is supplied by
the output capacitor.

2. Switch OFF (Energy Transfer Phase): When the switch is turned off, the
inductor releases its stored energy. The inductor current flows through the
diode to the capacitor and load, increasing the output voltage. The inductor
current decreases as

dip — Vin — Vou
— = — |6 2.2
LI o (g 22)

2.1.2 Voltage Conversion Ratio

In continuous conduction mode (CCM), the average voltage across the inductor over
a switching period must be zero (volt-second balance). Applying this principle yields
the ideal voltage conversion ratio:

Vin
1-D

‘/out - (23)

where D is the duty cycle defined as the fraction of the period for which the switch
is ON. Since 0 < D < 1, the output voltage is always greater than the input voltage.

3



2. Theory

In discontinuous conduction mode (DCM), where the inductor current falls to zero
within a switching cycle, the conversion ratio depends on the load current and is
more complex. Nevertheless, CCM is often preferred in high-power applications due
to reduced current stress and lower ripple.

2.1.3 Inductor Current and Capacitor Voltage

The inductor current ripple is expressed as

Vin D
Al = 2 2.4
L= (2.4)
where f; is the switching frequency.
The output voltage ripple is mainly determined by the capacitor:
]outD
AV, = 2.5
gy (2

These relations highlight the importance of inductor and capacitor sizing in achieving
stable operation|[7].

2.1.4 Non-Idealities and Efficiency

In practice, parasitic resistances, diode forward voltage drop, and switching losses
reduce the efficiency of the converter. The output voltage then becomes:
Vin — Vsw — DVy

V;)ut 1-D outRloss ( 6)

where Vi, is the switch voltage drop, V; is the diode forward voltage, and Ry,
represents equivalent parasitic resistances[8].

Despite these losses, the boost converter remains one of the most widely used step-up
topologies due to its simplicity, high efficiency, and suitability for renewable energy
systems, electric vehicles, and portable electronics|9].

2.2 Electrically Excited Synchronous Machine (EESM)

An Electrically Excited Synchronous Machine (EESM) is a synchronous machine in
which the rotor magnetic field is produced by a DC field winding, as opposed to
permanent magnets or reluctance effects. The EESM provides operational flexibility
in terms of power factor adjustment, torque production and field weakening due to its
controllable excitation. This makes it suitable for a range of applications, including
electric vehicles, wind turbines and industrial drives[10].

2.2.1 Operating Principle

The stator of an EESM is typically a three-phase winding supplied by an AC voltage
source, while the rotor contains a DC-excited field winding. When the rotor field

4
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is energized by a direct current, it produces a constant magnetic flux ®;. The
stator windings generate a rotating magnetic field with synchronous speed wg, which
interacts with the rotor flux to produce torque.

The synchronous speed is determined by the grid or inverter frequency f:

_2nf

g (2.7)

Ws

where p is the number of pole pairs.
To maintain synchronous operation, the rotor must rotate at the same angular
velocity w, = w;[11].

2.2.2 Voltage Equations

For a three-phase EESM in the rotor-oriented dq reference frame, the stator voltage
equations are expressed as:

d

va = Ryig — wyLyig + ;id (2.8)
d

Vg = Rsiq + wSLdid + Clliq (29)

where vq4, v, are the dg-axis voltages, i4,%, are the dg-axis currents, Lg, L, are the
dg-axis inductances, and Ry is the stator resistance[12].
The flux linkages are given by:

Ya = Laiq + ¥ (2.10)
Vg = Lgiq (2.11)

where 1) is the rotor field flux linkage, proportional to the field current i,[12].

2.2.3 Electromagnetic Torque

The electromagnetic torque is expressed as:

Te = 2]7 (¢diq - 77Z)qid) (212)

Substituting the flux linkage expressions, the torque equation becomes:

T, = 2p gy + (L — Liai) (2.13)

This shows two contributions:
« A field excitation torque term (¢si,), dependent on the field flux and quadra-
ture current.
A reluctance torque term ((Lq— L,)iqi,), significant in salient-pole machines|[4,
13].
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2.2.4 Power Factor and Field Control

One of the main advantages of the EESM is its controllable field current ¢y, which
directly influences 1y and therefore the air-gap flux. By adjusting ¢s, the machine
can operate at different power factors:

o Over-excited mode: Produces leading reactive power.

o Under-excited mode: Produces lagging reactive power.

 Unity power factor: Achieved when excitation matches load requirements[10].
This makes the EESM particularly useful

2.3 Harmonics

2.3.1 Harmonic Analysis

In power electronic converters and motor drive systems, harmonics are high-frequency
components generated by the nonlinear characteristics of switching devices and
PWM modulation techniques. Ideally, voltage and current would be pure sine waves.
However, practical systems contain multiple high-frequency components due to the
switching actions of inverters, carrier frequencies and modulation strategies. These
high-frequency harmonics are the main reason for waveform distortion.

Harmonics are fundamentally generated by periodic discontinuous changes in voltage
or current. Under PWM modulation, the periodic switching on and off of conduc-
tive devices causes the output voltage to exhibit pulsed variations. Although the
average value approximates the goal voltage over one cycle, the spectrum still con-
tains significant high-frequency components. When these harmonics enter the motor
windings, they induce additional magnetic flux changes and extra losses[14].

2.3.2 Effects of Harmonics on Systems

Harmonics impact system performance in multiple ways:

Increased energy losses: High-frequency harmonic currents induce the skin effect in
conductors, raising the equivalent resistance and increasing copper losses. Simulta-
neously, high-frequency magnetic flux variations in the iron core exacerbate eddy
current and hysteresis losses.

Electromagnetic noise and vibration: Harmonic magnetic fields cause fluctuations in
electromagnetic torque, inducing additional mechanical vibration and noise during
motor operation.

Control and measurement errors: Harmonic interference may degrade the sampling
accuracy of current sensors or control systems, compromising system stability.
Electromagnetic interference (EMI): High-frequency harmonics can easily couple
with other circuits via wiring or radiation, causing electromagnetic compatibility
issues.

Harmonics affect not only motor smoothness, but also directly alter loss distribution.
For example, when the PWM shifting angle changes, interference between the carrier
waves of adjacent phases redistributes harmonic energy. This results in fluctuations

6



2. Theory

in the amplitude of the local magnetic fields within the stator and rotor, which
affects iron losses and current ripple[15, 16].

2.4 Losses in a EESM

In the operation of electric machines and their integrated charging systems, losses
play a decisive role in efficiency, thermal management, and reliability. According to
their physical mechanisms, they are generally classified into three main categories:
core losses, copper losses, and other losses. In this project, the analysis focuses on
six specific types: Eddy Current Loss Rotor, Eddy Current Loss Stator, Core Loss
Rotor, Core Loss Stator, Stranded Loss, and Solid Loss. The following sections
explain them based on electromagnetic principles[17].

2.4.1 Core Losses

Core losses occur in the stator and rotor cores, mainly caused by alternating mag-
netic fields. They usually consist of hysteresis losses and eddy current losses. Under
high-frequency PWM switching, the share of core losses in the total loss becomes
significant, making them a key factor in evaluating integrated charging performance.
A commonly used core-loss model is the Steinmetz equation:

Poore = knf By + ke [?Bo (18] (2.14)

max max

2.4.1.1 Core Loss — Rotor

The total core loss in the rotor, including both hysteresis and eddy currents. Due
to the rotor’s complex geometry and the variation of flux density with rotor angle
and excitation current, losses are particularly high around pole shoes and bridges.
Excessive rotor core loss may lead to extra heating and reduced efficiency during
integrated charging[4].

2.4.1.2 Core Loss — Stator

The total stator core loss, which is often the dominant component in the overall
losses. The tooth tips and yoke regions are the main flux paths, where alternating
flux is most intense under high-frequency switching, leading to higher losses than in
the rotor[4].

2.4.1.3 Hysteresis Loss

During alternating magnetization, the repeated reversal of magnetic domains con-
sumes energy. This loss depends on the hysteresis loop area, operating frequency,
and magnetic flux density. An approximation for hysteresis loss is:

Piyst = knf By (2.15)

max

It is directly related to material properties such as coercivity and hysteresis coeffi-
cient, and is usually dominant at lower frequencies[19].
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2.4.1.4 Eddy Current Loss

Alternating magnetic flux induces circulating currents inside the conductive core,
generating Joule heat. Eddy current losses are proportional to the flux variation
rate and are strongly influenced by the electrical conductivity, lamination thickness,
and frequency. For laminated sheets of thickness ¢, a classical eddy current model
is: 22
Peddy = kef2BIZnax = 67f2812nax (216)
o« Eddy Current Loss — Rotor: This separates the eddy current component
from the total rotor core loss, highlighting additional losses caused by fre-
quency and geometric effects. At high switching frequencies, rotor eddy cur-
rent loss rises sharply and must be carefully considered in design. In regions
approximated as solid steel, the loss follows:
B2

P.adv soli max 2.17
ddy,solid X p5 ( )

where 6 = /2p/(pw) is the skin depth[20].

e Eddy Current Loss — Stator: Eddy current losses in the stator, concen-
trated in the teeth and yoke regions, contribute significantly to temperature
rise and efficiency reduction. By comparing with the total stator core loss, the

relative contribution of hysteresis and eddy currents can be identified more
clearly[20].

2.4.2 Copper Losses

Copper losses mainly originate from the I?R losses in the windings when current
flows through the conductors. In integrated charging, the current contains not only
a DC component but also high-frequency AC components. Therefore, copper losses
can be divided into DC and AC parts[19].

2.4.2.1 DC Copper Loss

Produced by the winding resistance and the DC current component. Although
not explicitly shown in the simulation results, it varies with the charging current
magnitude and forms a stable background loss.

Poc = I3cRpc  [19)] (2.18)

2.4.2.2 AC Copper Loss

High-frequency currents cause skin effect (current crowding near the conductor sur-
face, reducing effective cross-section) and proximity effect (magnetic coupling be-
tween adjacent conductors leading to uneven current distribution). These increase
the effective resistance and generate additional losses. The AC resistance may be
expressed as:

Rac = Rpc (1 + Yakin + Yorox) (2.19)
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thus the AC loss becomes:
Pac = IigRac  [21] (2.20)

2.4.2.3 Stranded Loss

In the simulations, this output directly represents additional winding losses caused
by AC effects. It reflects the impact of high-frequency PWM components on wind-
ing copper losses. Its magnitude depends on switching frequency, duty cycle, and
current amplitude, making it an important indicator for evaluating different PWM
strategies[21].

2.4.3 Other Losses

Apart from core and copper losses, there are additional losses caused by structural
and parasitic effects in the motor and power electronics system[22].

2.4.3.1 Solid Loss

This occurs in non-laminated metallic parts, such as the shaft, solid rotor regions,
busbars, or power module pins. Without laminated design to restrict eddy currents,
these components can develop large circulating currents under alternating fields,
leading to significant Joule heating. Solid eddy current losses follow:
B2
Piotiq x — 2.21

s (221)
Solid losses are often localized, potentially creating hot spots that reduce efficiency
and reliability[22].

2.4.4 Summary

In summary, the three categories of losses (core losses, copper losses, and other
losses) form the fundamental basis for evaluating the efficiency of the integrated
charging system. Their distribution and sensitivity to switching frequency, modula-
tion strategies, and machine design parameters provide essential insights for improv-
ing thermal management, enhancing reliability, and optimizing the overall energy
performance of the electric drive and charging process[17].
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3

Modelling and simulation

The present study proposes a methodology for the systematic analysis of the ef-
fects of PWM carrier phase shift angle, rotor position, and switching frequency on
the performance of electrically excited synchronous motors. To this end, a finite
element model of the motor was established on the ANSYS Maxwell platform. A
time-stepped transient simulation method was utilised in order to investigate vari-
ations in electromagnetic characteristics under different operating conditions|23].
The model incorporates the stator and rotor cores, excitation windings, and three-
phase armature windings, with geometric dimensions and material parameters con-
figured based on the actual structure. By varying the phase shift angle, rotor po-
sition, and frequency, the current waveforms, loss distributions, and inductance
characteristics under different modulation strategies and operating states can be
observed[24].

In all simulations, end effects and mechanical losses were neglected in order to
highlight the impact of electromagnetic quantity variations. In order to enhance
computational efficiency, the model solves only the 1/8 symmetrical portion of the
motor. This ensures a significant reduction in simulation time while maintaining
the same level of result accuracy[11].

This modelling and simulation workflow effectively reveals the relationship between
modulation parameters and motor electromagnetic performance, providing theo-
retical support for subsequent system optimisation and improvement to control
strategy[25].

3.1 Finite element analysis

The core analytical method employed in this study is Finite Element Analysis
(FEA), utilised throughout the entire simulation system to precisely determine the
magnetic field distribution and electromagnetic characteristics within the motor[11].
The finite element method is a numerical technique that is utilised to discretise the
complex electromagnetic field region into a multitude of finite elements, thereby ap-
proximating the solution to Maxwell’s equations within each element. This process
consequently yields the spatial distribution results for magnetic flux density, current
density, and losses[4].

In comparison with conventional analytical models, the finite element method (FEA)
simultaneously accounts for material nonlinearity, geometric complexity, and time-
varying excitation factors. This provides distinct advantages when investigating the
impact of PWM shifting angle, rotor position, and switching frequency variations

11
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on electromagnetic performance[26].

3.2 Machine—Standalone Simulation

In order to accurately reproduce the electromagnetic response of the motor using
this modulation strategy within a finite element environment, avoiding the computa-
tional overhead of complex switch modelling, this study employs expression-defined
triangular wave current excitation. This approach allows ideal current sources to be
applied directly in Maxwell without the need to establish control loops and power
electronic switches, thus facilitating the investigation of steady-state magnetic fields
and loss characteristics under different modulation conditions[27].

3.2.1 Current Waveform

Compared to the current variation patterns in actual PWM control, triangular wave
currents exhibit similar linear rise and fall characteristics. This means they effec-
tively reflect the flux variation trends induced by carrier modulation[28].

From a circuit mechanism perspective, phase-shifted PWM inverters cause the phase
current to exhibit near-linear variation within a carrier cycle due to the conduction
and switching of switching devices. The waveform corresponds to the processes
of energy storage and release during the rising and falling phases, respectively[11].
Therefore, using an ideal triangular current for excitation can effectively simulate
motor current dynamics under PWM drive in finite element analysis, eliminating
the need for complex power electronic switch model construction|4].

Triangular wave currents offer the following advantages:

e Smooth waveform and computational stability: It gets rid of spike currents and
high-frequency noise problems that come with PWM square wave excitation,
which helps to get numerical convergence in finite element solutions.

« Ease of parametric control: Current characteristics can be conveniently scanned
across different frequencies and phase angles by adjusting the frequency and
amplitude of the waveform.

o Maintain periodic steady-state behaviour. The continuous differentiability of
the triangular wave over time enables the analysis of steady-state losses, mag-
netic flux density variations and inductive characteristics[27].

In summary, selecting triangular wave current excitation preserves physical con-
sistency with the actual PWM drive, ensuring the stability and accuracy of finite
element simulations. This approach lays the foundation for subsequent investiga-
tions into the effects of phase shift angle, rotor position and frequency variations on
loss characteristics[28].

3.2.2 Three-Phase Excitation Expressions

To model a three-phase system with 120° time shifts between the phases, the ex-
citation currents for Phases A, B, and C are defined in ANSYS Maxwell using the
following expressions:

12
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025 1 0.5 0.25
I4(t) =170 + 4L, f <|mod (t + ) )

) rr

0.25 1 1 0.5 0.25
IB(t> = 170+4Impf<mod (f}—i-f—i‘gf,f) —7 _f> (32)

0.25 2 1 0.5 0.25
IC(t) =170+ 4-[ripf ( mod (t + T + g, f) - 7 - f) (33)

These expressions ensure perfectly balanced three-phase triangular current wave-

forms centered at 170 A, with phase B and C lagging phase A by 120° and 240°,
respectively.

3.2.3 Simulation Setup

3.2.3.1 Parameters

The finite element analysis was conducted on an electrically excited synchronous
machine (EESM) using an 1/8-symmetry model to reduce computational cost while
maintaining magnetic accuracy. The full machine consists of 48 stator slots and
4 rotor poles, corresponding to a three-phase distributed winding configuration.
Table 3.1 lists the key geometrical parameters used in the simulation.

Table 3.1: Main mechanical and geometrical parameters of the EESM.

Parameter Value Unit
Number of slots 48 -
Number of poles 4 —
Number of phases 3 -
Stator outer diameter 220 mm
Rotor outer radius 72.55 ~mm
Tooth height (Hs,) 46.6 mm
Slot opening height (Hygy,) 5.8 mm
Pole height (Hp) 36 mm
Pole width (Hpy) 22 mm
Number of winding layers 8 -

Slot fill factor (Fill Factory) 0.68 -
Rotor fill factor (Fill Factor,)  0.40 -

The listed parameters define the basic geometry and magnetic structure of the
model. The stator dimensions and slot design determine the available winding space
and influence copper losses, while the rotor geometry affects the magnetic flux path
and field excitation characteristics. The selected fill factors ensure a realistic bal-
ance between conductor packing and insulation requirements, maintaining adequate
thermal margins during operation[27].

13
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Figure 3.1: One-eighth symmetry model of the electrically excited synchronous
machine used in ANSYS Maxwell.

The geometry was modelled with an 1/8-symmetry sector, as shown in Fig. This
configuration effectively reduces the mesh size and computation time while pre-
serving the full electromagnetic field distribution. The stator employs a 48-slot,
three-phase distributed winding, and the rotor contains four salient poles with field
windings supplied by DC excitation. A moderate slot fill factor of 0.68 ensures good
copper utilisation without excessive thermal loading. These parameters remained
constant for all excitation and frequency sweeps presented in the following sections.

3.2.3.2 Excitation

To generate a balanced three-phase system, the phase currents were shifted by 120°
in time. The excitation expressions implemented in ANSYS Maxwell are as follows
(using Iy, for the ripple current amplitude and f for the ripple frequency):
e Phase A:
170 + (4*xI_ripxf)=*(abs(mod(time + 0.25/f, 1/f) - 0.5/f) - 0.25/f)

e Phase B:
170 + (4*I_rip*f)*(abs(mod(time + 0.25/f + 1/(3xf), 1/f) - 0.5/f) - 0.25/f)

e Phase C:
170 + (4*I_rip*f)*(abs(mod(time + 0.25/f + 2/(3xf), 1/f) - 0.5/f) - 0.25/f)

Here, the DC offset of 170 A represents the average current, while the ripple ampli-
tude I;, and the ripple frequency f determine the current variation and switching
condition[11].

3.2.3.3 Time Step Setup

A transient magnetic solver was employed to capture the electromagnetic response
of the machine under time-varying excitation. The simulation time step and total

14
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simulation duration were defined as functions of the excitation frequency to maintain
consistent temporal resolution across all cases[4]. The stop time was set to two
ripple current periods, while the time step corresponded to one hundred and eighty
divisions per period, as expressed below:

2 1
Lsto = At = ——
o f 180 f

where f denotes the ripple current frequency.
For the frequencies considered in this study (1 kHz, 10 kHz, and 20 kHz), the
corresponding time-step settings are listed in Table 3.2.

Table 3.2: Transient solver setup for different excitation frequencies.

Frequency (Hz) Stop time (s) Time step (s)

1000 2.00 x 107° 5.56 x 107°
10000 2.00 x 107 5.56 x 1077
20000 1.00 x 1074 2.78 x 1077

This setup ensures that each simulation includes at least two complete current ripple
cycles, providing adequate temporal resolution to capture high-frequency variations
while maintaining numerical stability. The same configuration was applied for all
excitation and frequency sweep cases presented in the following sections[27].

3.3 Simplorer-based Co-Simulation

3.3.1 Co-Simulation Framework

The inverter, controller, and motor model are coupled in Simplorer—Maxwell co-
simulation. This dynamic interaction enables accurate analysis of current, losses,
and torque under different modulation strategies, reflecting realistic electromagnetic

behavior.

= i Converter
= [} =h
[T R
=
-y =
B
EH
= [t =
T

Figure 3.2: Simplorer-Maxwell co-simulation framework
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3.3.2 Boost Converter Circuit

The boost converter is realized by reusing the inverter power switches together with
the motor stator inductance. This allows energy transfer from a 400 V source to an
800 V battery, avoiding the need for additional large inductors. Current and voltage
sensors are integrated to support control and monitoring[29].

G j*a =8 & =8 T

il
i

Figure 3.3: Boost Converter constructed from inverter and motor windings

3.3.3 Current Control and PWM Modulation

A PI controller is combined with a carrier-based PWM modulation strategy to regu-
late the stator current. By setting a current reference, the control system generates
PWM signals for the inverter switches, ensuring stable charging current while re-
ducing ripple under different phase-shift strategies[17].

TRIANG
THRES

Figure 3.4: Current control loop with PI regulator and PWM generation

3.4 Simulink-based System Simulation

To verify the converter control strategy and evaluate the overall dynamic perfor-
mance of the drive, a system-level simulation was established in MATLAB /Simulink.
The model integrates both the control and power stages, allowing analysis of current
regulation, switching behavior, and DC-link stability[30].

As shown in Fig. 3.5, the system employs a three-phase bidirectional boost con-
verter topology. Each leg is independently controlled by a PWM signal, enabling
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bidirectional power flow between the DC source and the machine. The converter
maintains the DC-link voltage and regulates the inductor current of each phase[31].

BOOST CONVERTER

Figure 3.5: Three-phase bidirectional boost converter implemented in Simulink.

For the current regulation, a standard PI control loop was applied to each converter
phase, as illustrated in Fig. 3.6. The reference current i, is compared with the
measured inductor current i, and the error is processed by the proportional-integral
controller:

() = K [inei(t) — i ()] + K. /0 iver(r) — i (7)] dr

The resulting voltage command u(t) determines the PWM duty ratio of the cor-
responding switching leg. This closed-loop control maintains the desired inductor
current waveform, minimizes steady-state error, and ensures symmetrical operation
among the three phases[17].

on» }QEL@

Figure 3.6: PI current controller for one converter phase in Simulink.

During simulation, the DC-link voltage, inductor current, and PWM duty ratio
were monitored to assess converter efficiency and transient response. A fixed-step
solver with a time step of 1/(180f) was employed to synchronize with the switching
frequency and ensure numerical stability[30].
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Results

4.1 Machine—Standalone Simulation

In this section, finite element simulations were performed on the Electrically Excited
Synchronous Machine (EESM) in standalone mode, with the aim of evaluating its
electromagnetic performance in terms of core losses, inductance and torque. Two
parametric analyses were conducted at three excitation frequencies: 1 kHz, 10 kHz,
and 20 kHz. In the first study, both the excitation frequency and the ripple am-
plitude were varied, while in the second study, the ripple amplitude was fixed at
5 A and the phase-shifting angle between the stator currents and the rotor me-
chanical position was adjusted. These results clearly demonstrate how switching
frequency, current ripple and phase displacement influence the machine’s magnetic
field behaviour and torque production[32].

4.1.1 Parametric Sweep of Frequency and Ripple

Parameter scans were conducted at frequencies of 1 kHz, 10 kHz and 20 kHz for
different current ripple amplitudes, in order to analyse the effects of frequency and
ripple current on motor losses, inductance and torque. The results show that, as
the current ripple amplitude increases, core and additional losses rise significantly,
while changes in inductance are negligible and torque decreases slightly. These
results suggest that current ripple primarily affects energy losses by altering the rate
of change and distribution characteristics of magnetic flux density, while having a
relatively minor impact on electromagnetic coupling relationships.
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Figure 4.1: Machine Standalone—Core losses vs. current ripple

The trend of variation in rotor core loss is more sensitive to frequency. At 20
kHz, the rotor core loss increases significantly compared to 10 kHz, exhibiting a
quadratic growth trend alongside ripple amplitude. This is due to the pole shoe
area of the rotor having a higher magnetic flux density and thicker geometry, which
makes it difficult to suppress local eddy current loops. Consequently, the additional
loss caused by flux variation becomes more pronounced in high-frequency ripple
conditions, rendering the rotor core the primary source of loss as both frequency
and ripple increase[33].

Stator core loss increases significantly with both ripple amplitude and frequency,
particularly at higher frequencies. At 20 kHz, the stator core loss is about two to
three times higher than at 10 kHz, while at 1 kHz it is almost negligible. This
trend is primarily due to two factors: firstly, the magnetic flux reversal rate (dB/dt)
increases at higher frequencies, and secondly, a larger ripple amplitude increases the
flux swing (AB) in the air gap. These effects combine to enhance both hysteresis and
eddy current losses, resulting in nonlinear growth in total core loss. Additionally,
the tooth tips and slot openings of the stator are the primary regions of energy
dissipation due to magnetic flux concentration[34].
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Figure 4.2: Machine Standalone—Eddy current losses vs. current ripple
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Rotor eddy current loss is much higher than stator loss and is highly sensitive to
frequency and ripple amplitude. At 20 kHz, it increases almost exponentially with
ripple amplitude. This is mainly due to the skin effect, which strengthens at higher
frequencies and reduces the skin depth (§ = 1/2p/(uw)). Consequently, the induced
current becomes concentrated near the pole shoe surface, resulting in significant lo-
calised Joule heating. Furthermore, the greater thickness of the rotor pole structure
increases the volume of energy dissipation. Therefore, rotor eddy current loss is one
of the main sources of loss under high-frequency ripple conditions[35].

The stator eddy current loss increases gradually with frequency and ripple ampli-
tude. Due to the stator’s laminated structure, the insulation between layers ef-
fectively blocks circulating currents, keeping the overall loss level low. However,
under high-frequency conditions (especially at 20 kHz), some surface current den-
sity concentration can occur near the tooth tips and slot openings, resulting in a
slight increase in local energy dissipation. Nevertheless, the overall change remains
limited.

4.1.1.1 Eddy Current Losses under Different Ripple Amplitudes

Figure 4.3 presents the magnetic flux density distribution for ripple amplitudes rang-
ing from 3 A to 15 A. As the ripple amplitude increases, the magnetic field variation
within each electrical period becomes more intense, and localized saturation is ob-
served at the stator tooth tips. Since the instantaneous magnetic flux density is
directly related to the excitation current through B o< uN1/l,,, the enlarged cur-
rent swing Al broadens the magnetic hysteresis loop and intensifies the alternating
component of B.

From a physical viewpoint, the total core loss P, consists of two components:
hysteresis and eddy-current losses. The hysteresis loss depends linearly on frequency
and on the width of the B-H loop (Physt  fB"), while the eddy-current loss scales
with the square of both the frequency and flux density amplitude (Peay o< f2B?).
Therefore, increasing the ripple amplitude enlarges the magnetic flux swing AB,
which directly increases both components—particularly the eddy-current term, as
stronger dB/dt produces higher induced current density in the laminated core.
The field plots clearly demonstrate this effect: regions of high magnetic flux density
appear more extended and intense as the ripple amplitude grows, confirming that
the rise in eddy-current loss originates from enhanced magnetic flux variation rather
than material properties. At large ripple values, local saturation also contributes
to higher magnetic hysteresis loss, as indicated by the widening of the magnetic
loop[35].
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Figure 4.3: Magnetic flux density distribution under different current ripple am-
plitudes.

As the ripple amplitude increases from 3 A to 15 A, the magnetic flux variation AB
becomes more pronounced, particularly near the stator tooth tips. This enhanced
magnetic swing enlarges the hysteresis loop area and intensifies eddy-current forma-
tion in the laminated core, leading to increased core losses.
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Figure 4.4: Machine Standalone—Solid and stranded losses vs. current ripple
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Solid loss refers to the current losses induced by high frequencies inside magnetic
materials. These losses increase smoothly with both frequency and ripple amplitude,
but remain smaller than core losses due to magnetic field disturbances inside the
core material.

Stranded loss corresponds to additional copper losses in the windings caused by skin
and proximity effects. At 1 kHz and 10 kHz, stranded loss remains nearly constant;
however, at 20 kHz, it increases slightly with ripple. Due to the small wire diameter
and moderate slot fill factor, current crowding is limited, resulting in only minor
variations|[36].
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Figure 4.5: Machine Standalone—Inductances and torque vs. current ripple

The self-inductances (Lqq, Ly and L), mutual inductances (Lgp, Lo and Lye), and
excitation mutual inductances (Lqy, Ly and L.y) remain almost constant across dif-
ferent frequencies and ripple amplitudes. This shows that, within the current analy-
sis range, the magnetic circuit does not enter a clear saturation region and that the
magnetic coupling remains stable. The current ripple primarily alters the transient
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magnetic field distribution rather than the average magnetic flux linkage[32].

The electromagnetic torque decreases slightly as the ripple amplitude increases, with
a more noticeable reduction at higher frequencies. When the frequency increases
from 1 kHz to 20 kHz, the average torque decreases by approximately 8-10%. This is
primarily because high-frequency ripple introduces harmonic magnetic fields, which
distort the air-gap flux density waveform and intensify torque ripple. Additionally,
higher losses reduce energy conversion efficiency[37].

In general, the current ripple has little influence on inductance, but it slightly reduces
the average torque and increases torque fluctuation. Furthermore, since the air-gap
flux density is proportional to the current, the peak magnetic flux density increases
almost linearly with the ripple amplitude.

4.1.2 Simulation under Fixed Ripple (5A) with Varying Shift
Angle and Rotor Position

In this section, the ripple current amplitude is fixed at 5 A to analyze the influence
of the phase-shifting angle and the rotor position on the machine’s electromagnetic
behavior. this section investigates how spatial and temporal phase relationships
influence performance under identical excitation strength. Specifically, the analysis
includes two aspects: the variation of the phase-shifting angle between stator cur-
rents; and the change in the rotor’s mechanical position. Both studies are conducted
at switching frequencies of 1 kHz, 10 kHz, and 20 kHz. The results obtained pro-
vide insight into how PWM phase displacement and rotor alignment affect magnetic
coupling, losses and torque characteristics in the machine[38].

4.1.2.1 Shift Angle

This section investigates the influence of the phase-shifting angle between the three-
phase stator currents under a fixed ripple amplitude of 5 A. This angle determines
the phase displacement between the stator current waveforms, directly affecting
the temporal distribution of the magnetic field and resulting electromagnetic losses.
Sweeping the shift angle from 0° to 120° allows us to analyze the variations in core
losses, eddy current losses, copper losses, inductances and electromagnetic torque at
different excitation frequencies (1 kHz, 10 kHz and 20 kHz). The objective of this
study is to clarify how the temporal phase difference of the excitation current mod-
ulates magnetic field dynamics and energy conversion efficiency in the machine[37].
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Figure 4.6: Machine Standalone—Core and solid losses vs. shift angle

As shown in Figure 4.6, both the stator and the rotor core losses increase with the
shift angle, particularly under high-frequency conditions. Stator loss grows moder-
ately and tends to saturate after 60°, whereas rotor core loss rises almost linearly,
reaching 2.8-2.9 kW at 20 kHz. This trend is explained by the increased temporal
flux fluctuation caused by the phase displacement between the stator currents. As
the phase shift increases, each rotor section experiences more frequent magnetic po-
larity reversals, thus intensifying hysteresis and eddy currents within the laminated
rotor core. Meanwhile, the solid loss remains almost constant at around 4.7 kW,
indicating that bulk iron energy conversion is less sensitive to phase variation[39].
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Figure 4.7: Machine Standalone—Eddy current losses vs. shift angle

It shows that both the stator and the rotor eddy losses increase significantly with the
phase-shifting angle, especially at 10 kHz and 20 kHz. As the phase displacement in-
creases, the resulting air-gap flux density becomes spatially imbalanced, intensifying
its local time derivative (dB/dt), particularly along the rotor surface. Under such
high-frequency, high-dB/dt conditions, the skin effect confines the induced current
to the outermost conductive layers of the rotor. Meanwhile, the proximity effect
further distorts the current distribution due to magnetic coupling between adjacent
slots and poles. These effects collectively increase the local current density and Joule
heating, resulting in the substantial growth in rotor eddy losses observed. In con-
trast, the stator core is laminated and thus less affected by variation in skin depth,
showing only a moderate increase in loss[32].
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Figure 4.8: Machine Standalone—Inductance characteristics and torque vs. shift
angle

The self, mutual and phase-field inductances remain almost constant across the
entire shift-angle range. This suggests that the magnetic permeability and coupling
between windings are not greatly affected by temporal current phase displacement.
However, the electromagnetic torque shows a slight sinusoidal decrease as the shift
angle increases, reaching a minimum at around 90°. This reduction stems from
the partial misalignment of the phase between the magnetic flux and the stator
current, which reduces the effective component that produces torque. Nevertheless,
the variation is minor, indicating stable torque production despite the changing
phase offset[17].

4.1.2.2 Rotor Position

The analysis in this section was carried out under a fixed current ripple of 5 A,
while the rotor mechanical position was incrementally varied from 0° to 120°. The
objective is to examine how rotor movement in space affects the distribution of
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magnetic flux, the inductance profile, and the resulting torque.
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Figure 4.9: Machine Standalone—Core and solid losses vs. rotor position

Both the stator and the rotor core losses remain almost constant throughout mechan-
ical rotation. This steady trend indicates that loss behaviour is primarily governed
by time-domain excitation, such as frequency and ripple amplitude, rather than spa-
tial displacement. The slight air-gap field distortion at high frequency causes a weak
fluctuation, but its magnitude is negligible. Similarly, the solid loss curve remains
stable, confirming that the magnetic energy conversion inside the iron core does not
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significantly vary with rotor angle[39].

28



4. Results

4
5 1 kHz 1.00
—e— 10 kHz —6—1kHz
—o—20kHz —o—10kHz
—e—20kHz
0.75

0.505P98 05311 5205 529 05215 gaz05 O291 05209 gapzr OS28 05211 gades OSP°

S

)

G
T

Eddy Current Loss-Rotor (kW)

Eddy Current Loss-Stator (kW)

-7P47 07408 0.7288 07644 07408 0.7267 07650 07401 0.7284 07647 0.7408 ¢.7288 0.7p44 52 0.1330 01304 0.1352 01331 0.1305 0.1350 0.1329 0.1308 0.1352 0.1330 0.1304 0.1p52

(0),0 76 0.0074 0.0073 0.0076 0.0074 0.0073 0.0076 0.0074 0.0073 0.0076 0.0074 0.0073 0.0p76 0090 14 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0p14
1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Rotor Position (°) Rotor Position (°)
(a) Rotor eddy losses (b) Stator eddy losses

Figure 4.10: Machine Standalone—Eddy current losses vs. rotor position

Both the stator and the rotor eddy losses demonstrate minimal dependence on the
position of the rotor, remaining almost constant across all frequencies. This demon-
strates that, once the frequency and ripple are fixed, the distribution of induced cur-
rents in the conductive paths is steady. Skin and proximity effects are still present
at high frequency. However, their influence does not vary with rotor movement.
This is because the excitation frequency remains unchanged. And thus the rate of
magnetic field change stays the same[32].

29



4. Results

24FL, —e— 1 kHz -0.7
—e—10kHz 23
—e—20 kHz

Ly —e— 1 kHz
—e— 10 kHz
—e—20kHz

22

g
=3
T
|
o

24 FLy,

234 —o—1kHz 234
23 —e—10kHz 23
—e—20 kHz

ac —e— 1 kHz
08} 8 —e—10kHz
—e—20kHz

N
o

Self-Inductance (mH)

g
o
Mutual Inductance (mH)

o
'S
T
—

e 234 —e—1kHz Ly
2.3 —o—10kHz -0.8
—e—20kHz

—e— | kHz
—e— 10 kHz
—e—20 kHz

24

13 2.16

20

0 20 40 60 80 100 120 o 20 40 60 80 100 120
Rotor Position (°) Rotor Position (°)
(a) Self inductance (b) Mutual inductance

—e— 1 kHz
—e—10kHz
—o—20 kHz

40

o

|
FS
S

s
S

—e—10kHz
—6—20kHz

o
T

Phase—Field Inductance (mH)
3

Torque (N-m)

—e— 1 kHz
—e—10kHz
—6—20kHz

'4*].:.7 ~10 L L L L 1

0 20 20 60 30 100 20 0 20 40 60 80 100 120
Rotor Position (°) Rotor Position (°)
(c) Phase mutual inductance (d) Electromagnetic torque

Figure 4.11: Machine Standalone—Inductance characteristics and torque vs. rotor
position

In contrast to the loss characteristics, the inductance components vary periodically
with rotor position, reflecting the machine’s inherent magnetic symmetry. The self-
and mutual inductances exhibit spatial periodicity corresponding to one pole pitch.
Meanwhile, the phase—field inductances follow a sinusoidal trend that mirrors the air-
gap flux linkage. The electromagnetic interaction between the stator MagnetoMotive
Force (MMF) and the rotor field is illustrated by the torque oscillating periodically
between positive and negative peaks. These periodic variations are indicative of
normal magnetic coupling behaviour rather than additional losses or instabilities[33].

4.2 Simplorer-based Co-Simulation
To further investigate the interaction between the machine and its charger system, a

Simplorer—-Maxwell co-simulation model was established. Unlike the previous stan-
dalone analyses in Maxwell, which focused on the electromagnetic behavior of the
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machine under predefined excitations, the co-simulation enables the dynamic cou-
pling between the electrical drive circuit, control strategy, and the finite-element
machine model. This setup allows for a more realistic representation of the op-
erating conditions, where inverter switching, current control, and machine back
electromotive force (EMF) are fully coupled in the time domain[40].

In this section, the simulation focuses on the steady-state operation of the Elec-
trically Excited Synchronous Machine (EESM) under controlled current excitation.
By adjusting the inverter switching frequency and the current phase angle, the re-
sulting current ripple, losses, inductances, and torque characteristics are analyzed.
The results provide an important reference for validating the machine design un-
der system-level excitation conditions and for assessing the influence of control and
circuit parameters on electromagnetic performance[41].

4.2.1 Shift Angle
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Figure 4.12: Simplorer-based Co-Simulation—Phase current ripple vs. shift angle

The phase current ripple of all three phases decreases noticeably as the shift angle
increases. This is because phase-shifted PWM modulation distributes the carrier
phases among the three phases, leading to partial cancellation of harmonic energy
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and a reduction in high-frequency current components. At 10 kHz, the ripple reaches
its maximum, while at 20 kHz, it becomes the smallest, following the general inverse
relationship between current ripple and carrier frequency.

Theoretically, the peak-to-peak current ripple Al can be approximated as:

Vae - D(1 — D)
L'fs

where V. is the DC-link voltage, D is the duty ratio, L is the equivalent phase induc-
tance, and f; is the switching frequency. This expression indicates that the current
ripple is inversely proportional to the switching frequency and directly affected by
the DC voltage and system inductance.

However, the reduction is not exactly proportional to the frequency ratio (i.e., the
ripple at 20 kHz is not half of that at 10 kHz). This deviation arises from several
non-ideal factors: (1) the effective voltage amplitude slightly decreases at higher
switching frequencies due to dead-time and switching losses; (2) the stator induc-
tance exhibits weak magnetic nonlinearity under time-varying excitation; (3) har-
monic cancellation caused by phase shifting is not perfectly symmetrical across fre-
quencies; and (4) numerical coupling between Simplorer and Maxwell introduces
discretization and filtering effects. As a result, the observed ripple reduction trend
aligns qualitatively with theory but not in a strictly linear proportion.

Overall, the combined optimization of carrier frequency and phase-shift angle sig-
nificantly improves the electromagnetic and thermal performance of the machine
system[40].

Al =
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Figure 4.13: Simplorer-based Co-Simulation—Rotor core losses vs. shift angle

As shown in the figure, rotor iron losses vary minimally across the entire phase shift
angle range and remain largely stable between 2.8 and 3.0 kW. The loss curves at
different frequencies are closely aligned, with slightly higher losses at 10 kHz and
slightly lower losses at 20 kHz. This indicates that rotor iron losses are insensitive to
variations in the PWM phase angle. As the rotor section is primarily driven by the
excitation magnetic field, it is less susceptible to stator voltage modulation. PWM
phase shifting only partially alters the timing distribution of current harmonics,
having little impact on the main magnetic flux component. From an electromagnetic
loss perspective, iron losses comprise two components: hysteresis loss and eddy
current loss. Hysteresis loss is proportional to the magnitude of the magnetic flux,
while eddy current loss is proportional to the square of the rate of change of magnetic
flux. Adjusting the phase shift angle alters the time-domain distribution of the stator
composite magnetic potential. However, since the internal rotor flux is primarily
generated by DC excitation, the resulting change is limited. This finding suggests
that phase shift modulation primarily affects stator-side flux dynamics with little
impact on energy losses in the rotor core[42].
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Figure 4.14: Simplorer-based Co-Simulation—Stator core losses vs. shift angle

The variation trend of stator core losses with respect to the shift angle is evident,
showing an overall decreasing tendency. As the shift angle increases from 0° to 120°,
the stator core losses are significantly reduced, with the highest value observed at
10 kHz and the lowest at 20 kHz.

This behavior occurs because the phase-shifted PWM modulation separates the
carrier signals among the three phases in time, leading to partial cancellation of
harmonic components in the phase voltage. Consequently, the flux density waveform
becomes smoother, reducing both hysteresis and eddy-current losses. The core loss
power can be expressed as:

Peore = kthglax + keszrQHax (4'1)
where kj, and k. are the hysteresis and eddy-current coefficients, f is the excitation
frequency, and By is the maximum flux density.

As seen from the equation, the losses are closely related to both frequency and flux
variation rate. Although higher frequencies increase the base frequency, the phase-
shifted PWM significantly suppresses high-order harmonics, leading to a smoother
flux waveform and consequently lower overall core losses.

This trend indicates that increasing the carrier phase shift can effectively improve
the flux distribution within the stator core and enhance the overall efficiency of the
machine system[40)].
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Figure 4.15: Rotor eddy losses vs. shift angle

The trend of eddy current losses in the rotor is similar to that of rotor iron losses,
with the curve remaining relatively stable across the entire range and showing only
a slight increase at small phase angles (0°-20°). At low phase angles, there is greater
overlap of the three-phase pulse width modulated (PWM) carrier waves, where the
high-frequency current components superimpose. This increases the rate of change
in magnetic flux density, thereby inducing stronger eddy current circulation. As the
phase angle increases, however, carrier phase separation reduces this superposition
effect, decreasing the induced currents in the rotor’s conductive materials and sta-
bilising the losses. This suggests that phase-shift modulation effectively suppresses
high-frequency harmonics. However, due to the relatively high conductivity of the
rotor section, and because magnetic flux changes are primarily influenced by the
main field, the overall losses remain within a stable range[42].
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Figure 4.16: Simplorer-based Co-Simulation—Stator eddy losses vs. shift angle

Consistent with the pattern of stator iron losses, stator eddy current losses decrease
significantly with increasing phase shift angle. This is primarily because the in-
duced currents in the stator core are caused by changes in the magnetic flux, and
phase shift modulation reduces the rate at which this flux varies. As the phase shift
angle increases, the superimposed waveforms of the three-phase carriers become
more uniform. This weakens fluctuations in the equivalent magnetic flux linkage
and effectively reduces high-frequency magnetic flux density components. Conse-
quently, eddy current losses peak at 10 kHz and are lowest at 20 kHz. These results
clearly demonstrate that phase shift control improves the quality of the output volt-
age waveform and effectively reduces core losses caused by high-frequency magnetic
fields. This supports efficient motor operation at high switching frequencies[40].
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Figure 4.17: Simplorer-based Co-Simulation—Solid loss vs. shift angle

Solid loss primarily originates from eddy current losses in the conductive compo-
nents of the structure or the surface layer of the iron core. As shown in the figure,
there is a slight upward trend as the phase angle increases. It reaches a minimum at
10 kHz and a maximum at 20 kHz. Since eddy current losses are proportional to the
square of the frequency, an increased frequency intensifies the induced current den-
sity within conductors, consequently elevating solid losses. Additionally, although
the average magnetic flux distribution stabilises as the phase angle increases, pe-
riodic circulating currents persist within localised conductors, resulting in minor
energy dissipation[40].
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Figure 4.18: Simplorer-based Co-Simulation—Stranded loss vs. shift angle

Similar to solid losses, stranded losses exhibit an upward trend, but with a more
This is primarily due to the intensification of the skin
and proximity effects within copper conductors as frequency increases. At small
phase angles, the PWM waveforms of each phase overlap significantly, resulting in a
relatively uniform current distribution within the conductor. However, as the phase
angle increases, the peak phase currents rise slightly and the interaction between
the local magnetic fields intensifies, causing the current density near the conductor

pronounced magnitude.

surface to increase[41].
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Figure 4.19: Simplorer-based Co-Simulation—Electromagnetic torque vs. shift
angle

Overall, electromagnetic torque exhibits an upward trend with increasing phase
shift angle, most notably at 15 kHz. There are significant fluctuations at 10 kHz,
while the curve becomes smoother at 20 kHz. As the phase shift angle increases, the
staggered carrier phase causes the average value of the three-phase voltage composite
waveform to rise. This increases the equivalent output power, thereby delivering
higher average torque. Conversely, reduced phase shift mitigates harmonic current
interference, suppressing electromagnetic torque pulsation and resulting in a more
stable torque output[17].
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Figure 4.20: Simplorer-based Co-Simulation—Self inductances vs. shift angle

The self-inductances L,o, Ly, and L. exhibit minimal variation with respect to
the phase angle, fluctuating only on the order of 10~%. The three frequency curves
completely coincide at this level.

Self-inductance is primarily determined by the stator winding structure and the
magnetic circuit of the air gap. Since PWM modulation does not alter the geometric
or magnetic reluctance characteristics, its value remains almost constant.
Furthermore, the stability of self-inductance across different frequencies indicates
that there is no significant magnetic saturation or numerical coupling error in the
system. This result validates the accuracy of the finite element model and physically
demonstrates that the motor’s inductance parameters maintain steady-state charac-
teristics under PWM phase-shift conditions. Consequently, this stability facilitates
precise current control and ensures a consistent dynamic response of the system[42].
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Figure 4.21: Simplorer-based Co-Simulation—Mutual inductances vs. shift angle

The mutual inductances L.y, Lqe, and L. remain nearly constant within the phase
shift angle range, stabilising at values of approximately —0.06 mH to —0.10 mH.
This indicates that phase-shift modulation does not affect the motor’s geometric
magnetic coupling characteristics, and that the magnetic circuit structure remains
linear across different frequencies and modulation angles.
PWM phase-shift modulation primarily influences the electrical excitation in the
time domain rather than altering the spatial distribution of magnetic flux[43].
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Figure 4.22:

The mutual inductances between the phase and excitation windings, namely Ly,
Ly, and L.y, remain stable under varying phase shift angles, with frequency curves
that almost completely overlap. This suggests that the magnetic flux in the excita-

angle

tion winding is largely unaffected by PWM modulation.

The excitation field is dominated by DC current, and there is no significant mag-
netic saturation or nonlinear deviation observed in the magnetic circuit.
discrepancies among different frequencies can be attributed to slight phase errors in
the numerical solutions of the electromagnetic field, which remain within acceptable

limits[44].
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4.2.2 Rotor Position
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Figure 4.23: Simplorer-based Co-Simulation—Phase current ripple vs. rotor
position
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Figure 4.24: Simplorer-based Co-Simulation—Rotor core losses vs. rotor position

Rotor iron loss exhibits distinct periodic fluctuations with rotor position, with peaks
and troughs appearing approximately every 20-30°. This reflects the periodic vari-
ation in magnetic flux when the rotor teeth engage with the stator slots. When the
rotor and stator teeth are aligned, the magnetic flux density increases and iron losses
rise; conversely, when the teeth are misaligned, the local magnetic flux weakens and
iron losses fall. The curve shapes at all three frequencies are similar, with mini-
mal variation in the average values. This indicates that the losses in the rotor core
primarily depend on the spatial distribution of the magnetic field, rather than the
PWM frequency. The magnetic field in the rotor region changes relatively slowly,
resulting in lower, more stable loss amplitudes[45].
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Figure 4.25: Simplorer-based Co-Simulation—Stator core losses vs. rotor position

The amplitude of the fluctuation of stator iron losses is significantly larger than
that of the rotor. Its periodic peaks and troughs correspond to the alternating
concentration and dispersion of the magnetic flux when the rotor slots pass through
the stator teeth[46]. As the rotor position changes, the local magnetic flux density
varies periodically, causing corresponding fluctuations in the iron losses of the stator
yoke and teeth. While the loss levels exhibit slight differences at different frequencies,
the overall trend remains consistent, indicating that stator iron losses are primarily
determined by the spatial magnetic field distribution rather than carrier parameters.
From a spatial perspective, the stator iron loss curve reflects the non-uniformity of
the magnetic flux density within the air gap, which is directly related to the structure
of the tooth slots.
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Figure 4.26: Simplorer-based Co-Simulation—Rotor eddy losses vs. rotor position

The eddy current losses in the rotor show periodic fluctuations, with peak posi-
tions that are largely consistent with those of the rotor iron losses[47]. These losses
fluctuate in line with variations in the rotor slot magnetic field, though their overall
amplitude remains relatively small. Due to the thin conductor layer in the rotor and
the skin effect that limits the depth of current penetration, eddy currents are primar-
ily confined to the surface region. Consequently, the spatial variation is primarily
determined by the distribution of the magnetic flux rather than the frequency[48].
This indicates that energy dissipation within the rotor is dominated by structural
periodicity and is only weakly correlated to the form of electrical excitation.
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Figure 4.27: Simplorer-based Co-Simulation—Stator eddy losses vs. rotor
position

Stator eddy current losses demonstrate spatial periodicity in relation to rotor po-
sition, though their amplitude is found to be considerably higher in comparison to
that of the rotor portion. When the rotor slots align with the stator teeth, the
air gap magnetic flux density increases, thereby enhancing the induced current at
the stator tooth tips and consequently raising eddy current losses. In the event of
a misalignment of the tooth-slot alignment, the magnetic flux disperses more uni-
formly, thereby reducing losses. This variation is indicative of the influence of the
magnetic field’s spatial distribution, with stator eddy current losses being primarily
determined by the local rate of change in magnetic flux density. This, in turn, is
closely related to the mechanical angle of the rotor[47].
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Figure 4.28: Simplorer-based Co-Simulation—Solid loss vs. rotor position

Solid loss varies minimally across the entire rotor position range. This finding sug-
gests that the losses in DC resistance experienced by armature conductors and struc-
tural components are largely impervious to spatial variations in magnetic field[49].
It is evident that minor fluctuations arise from induction effects caused by cur-
rent ripple, coupled with transient magnetic flux.
a stable background loss in this simulation scenario and is not a primary energy

component[50].
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Figure 4.29: Simplorer-based Co-Simulation—Stranded loss vs. rotor position

The stranded loss also varies periodically with rotor position[51]. stranded losses are
expected to increase with switching frequency. This is due to the fact that a higher
fs intensifies the non-uniform current distribution within the conductors. However,
the results of the simulation indicate that the influence of frequency is less significant
than that predicted by theory. The reason for this can be attributed to the fact that
the spatial flux distribution and rotor alignment dominate the local current density
pattern in the windings, thereby partially compensating for the frequency effect.
When the rotor magnetic field is strongly coupled to a given phase, the local eddy
current and proximity effects become more pronounced, leading to peaks in the
stranded loss curve. Conversely, when the magnetic coupling weakens, these effects
diminish. Consequently, the stranded loss variation is indicative of an interplay
between frequency-dependent conductor effects and position-dependent magnetic
coupling, rather than a purely frequency-driven relationship.
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Figure 4.30: Simplorer-based Co-Simulation—Electromagnetic torque vs. rotor

position

Electromagnetic torque has been observed to exhibit periodic pulsations along the
rotor position, with fluctuations in the cycle being found to be correlated to the mo-
tor’s slot-pole alignment[52]. When the rotor teeth are aligned with the stator slots,
the magnetic pull reaches its peak, resulting in an increase in torque. Conversely,
when the rotor teeth are misaligned, the magnetic attraction weakens, leading to
a decrease in torque. This fluctuation, known as cogging torque, arises from the
motor’s inherent structural characteristics and is independent of carrier frequency
or PWM modulation. It has been demonstrated that, despite the fact that an in-
crease in frequency can result in a slight smoothing of current distribution, torque

pulsation is primarily determined by the geometric magnetic circuit[53].
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Figure 4.31: Simplorer-based Co-Simulation—Self inductances vs. rotor position

The self-inductances (Lgq, Ly, and L) exhibit a clear periodic variation with re-
spect to rotor position. As the rotor teeth pass the stator slots, the airgap reluctance
changes periodically, causing the self-inductance of each phase to fluctuate between
maximum and minimum values. When the rotor teeth align with the stator teeth
of a given phase, the magnetic path is reduced and the flux linkage is maximised,
resulting in the highest inductance. Conversely, when the rotor teeth move away
from alignment, the leakage flux increases and the inductance decreases. It is ev-
ident that each phase is shifted by 120° in electrical angle, thereby ensuring the
maintenance of a balanced and symmetrical magnetic configuration. The periodic
nature of the inductance curves is indicative of the influence of slot—pole geometry
on the spatial distribution of magnetic permeance, while the amplitude consistency
across frequencies confirms that time-domain modulation has negligible influence on
magnetic structure[53].
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Figure 4.32: Simplorer-based Co-Simulation—Mutual inductances vs. rotor
position

The mutual inductances (Lgp, Lae, and Ly.) also vary periodically with rotor po-
sition, but their phase is opposite to that of the self-inductances[52]. When one
pair of phases (e.g. A-B) exhibits strong magnetic coupling, the remaining pairs
demonstrate relatively weak coupling, thereby ensuring the preservation of magnetic
energy equilibrium within the system comprised of three phases. The variation pat-
tern is derived from the alternating magnetic coupling among the stator windings
as the rotor position is altered, resulting in a modification of the spatial flux distri-
bution. The overall magnitude of mutual inductance is much smaller than that of
the self-inductance, and the curves remain nearly identical for all tested frequencies
(10 kHz, 15 kHz, and 20 kHz). This demonstrates that rotor motion primarily af-
fects spatial magnetic coupling, while PWM frequency and carrier phase-shift have
minimal effect on the magnetic path geometry[53].
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Figure 4.33: Simplorer-based Co-Simulation—Phase—Field inductances vs. rotor
position

The phase-field inductances (Lqf, Lys, and L.s) exhibit smooth periodic variations
with rotor position, reflecting the alternating magnetic coupling between the exci-
tation winding and each stator phase[54]. When the rotor magnetic pole is aligned
with a phase winding, the coupling is strongest and the corresponding inductance
reaches its maximum; as the pole moves away, the coupling weakens and the in-
ductance decreases. The periodicity of these inductances corresponds to the rotor
pole pitch and remains stable across different frequencies. This suggests that the
magnetic flux linkage between the excitation and armature windings is principally
governed by spatial alignment, as opposed to time-domain modulation.

In summary, the overall results of the Simplorer-based co-simulation largely align
with theoretical expectations. This is to say that core losses and eddy current
losses decrease with increasing frequency, while current ripple and torque ripple
exhibit the anticipated modulation trends[55]. However, the influence of switching
frequency on several parameters remains indistinct, and quantities such as current
ripple and interleaved losses do not exhibit the linear frequency dependence predicted
by analytical models[56]. This limitation is primarily attributable to Simplorer’s
utilisation of a simplified circuit representation and a reduced time resolution, which
collectively fail to adequately capture the intricate current waveform distortions
induced by high-frequency PWM excitation.
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4.3 Simulink-based System Simulation

During the co-simulation stage, the system model was implemented using Simplorer
and coupled directly with the Maxwell finite element solver. Although this frame-
work enables bidirectional interaction between circuit dynamics and electromagnetic
fields, it also makes the overall simulation highly sensitive to numerical stability. In
particular, the presence of high-frequency switching and rapidly varying excitation
requires a significantly smaller timestep to maintain accuracy. However, reducing
the timestep leads to a drastic increase in computational time, making long-duration
co-simulations impractical.

To overcome these limitations, the system-level modelling was migrated from Sim-
plorer to the Simulink environment[55]. Simulink allows more flexible and efficient
construction of converter and control models, enabling the generation of realistic,
high-resolution, frequency-dependent current waveforms. These waveforms are sub-
sequently imported into the Maxwell model, ensuring accurate electromagnetic ex-
citation while avoiding the instability and excessive computation time associated
with full co-simulation.

4.3.1 Shift Angle
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Figure 4.34: Simulink: core losses vs. shift angle
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As the results show, stator core loss increases significantly with phase-shift angle,
exhibiting approximately linear growth across all frequencies[57]. Compared with
the Simplorer-based results, the Simulink—-Maxwell co-simulation more clearly re-
veals the influence of the switching frequency on loss characteristics. At 1 kHz,
the core loss is at its maximum, and decreases notably as the carrier frequency in-
creases from 10 kHz to 30 kHz, with smooth, well-separated curves. This consistent
trend indicates that the current waveforms generated in Simulink contain realistic
PWM harmonic and phase characteristics, enabling the Maxwell model to accurately
capture the suppression of magnetic flux variation caused by higher switching fre-
quencies. Therefore, phase-shift modulation at a high frequency effectively reduces
core losses, a relationship that is more intuitively demonstrated by the co-simulation
model[58].
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Figure 4.35: Simulink: eddy losses vs. shift angle

The eddy current loss follows a similar trend to the core loss, gradually increasing
with the phase-shift angle[59]. At a low frequency of (1 kHz), the eddy current
loss is at its highest and shows a steeper slope. At higher frequencies, however,
it decreases and tends to flatten out. Compared with the Simplorer-based analy-
sis, the Simulink—Maxwell results more accurately capture frequency-dependent be-
haviour. Since the Simulink current input incorporates the dynamic features of real-
istic PWM, the Maxwell solver accurately reflects the attenuation of high-frequency
magnetic flux components and the reduction in the number of eddy current paths
at higher frequencies. Consequently, the beneficial effect of a higher switching fre-
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quency in reducing additional iron losses is clearly evident[60].
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Figure 4.36: Simulink: solid losses vs. shift angle

The solid loss remains almost constant throughout the entire phase-shift range, with
minimal variation[61]. The Simulink-Maxwell co-simulation produces more consis-
tent results across different frequencies, with clearly separated yet nearly parallel
curves, indicating that the solid conductor loss is primarily determined by DC re-
sistance and is only weakly affected by carrier frequency or phase shifting. The
results observed in Simplorer show slight numerical fluctuations. The present re-
sults are smooth and physically consistent. This demonstrates that the Simulink-
generated current waveforms provide more realistic input for electromagnetic field
computation[62]. Consequently, this model can more accurately reflect the stable
nature of solid losses, offering a reliable basis for subsequent thermal analysis.

4.3.2 Shift-Angle-Dependent Field Analysis at 10 kHz

As discussed in the previous subsection, the loss—shift-angle curves show that both
core loss and eddy-current loss increase almost linearly with the shift angle, whereas
the solid loss is only weakly affected. To understand the physical origin of these
trends, field plots were generated at four characteristic shift angles (0°, 40°, 80°, and
120°) for the same 10 kHz excitation[57]. For each case, the magnetic flux density
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magnitude, the corresponding B-vector pattern and the ohmic (eddy-current) loss
density are analysed below.

4.3.2.1 Flux-Density Magnitude

Figure 4.37 presents the magnetic flux density distribution for different shift angles.
The overall peak B remains in the range of 2.7-2.8 T for all cases, confirming that
the shift angle variation does not significantly change the global magnetic loading
of the machine[32].

At a shift angle of 0°, the three phase currents are synchronised in terms of their
ripple components, leading to a highly periodic and symmetric excitation. The flux-
density distribution in the teeth and yoke is almost uniform along the circumference,
and local saturation is moderate.

When the shift angle is increased to 40° and 80°, the temporal staggering of the
phase ripples causes the instantaneous magnetomotive force (MMF) seen by each
tooth to vary more irregularly. Although the peak B remains similar, the spatial
distribution becomes slightly less uniform, with certain teeth experiencing higher
local B while others are relieved, which is consistent with the gradual increase of
core loss observed.

At 120°, the ripple components are maximally phase-shifted and the excitation be-
comes more evenly spread over time. The flux-density map appears again relatively
uniform, but small differences in local saturation levels remain, indicating that the
shift angle mainly redistributes the ripple-induced flux rather than changing its
magnitude[63].
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Figure 4.37: Flux-density magnitude distribution at different shift angles (10 kHz).

4.3.2.2 Flux-Line Distribution under Different Shift Angles

Figure 4.38 shows the magnetic vector potential (A) contours for shift angles of
0°, 40°, 80°, and 120° at 10 kHz. All four cases exhibit almost identical flux-
line patterns: the main flux loops between the stator teeth and the rotor pole
remain unchanged, and the level of saturation in the teeth and yoke appears nearly
identical[64]. The maximum A value stays close to 0.013 Wb/m for all shift angles.
This behaviour agrees with electromagnetic theory. In this study, only the phase
of the PWM carrier is shifted, while the fundamental phase currents remain un-
changed. Thus, the average stator MMF and the steady-state air-gap flux density
are independent of the shift angle. At any sampling instant, the instantaneous phase
currents—and therefore the instantaneous flux distribution—are nearly the same for
all cases. This explains why the spatial flux-line distribution is almost unaffected
by the shift angle.

Although the spatial flux pattern does not change, the temporal distribution of high-
frequency ripple does[58]. With larger shift angles, the ripple currents of different
phases are no longer aligned in time. Different teeth reach their peak ripple flux at
different instants, extending the total duration of strong d B/dt within one switching
cycle. Because eddy-current loss is approximately proportional to the time integral
of (dB/dt)?, this extended excitation results in higher average eddy-current and core
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losses, the increase in losses with shift angle is dominated by temporal effects rather
than spatial changes[59].
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Figure 4.38: Flux-line (A-field) distribution at shift angles of 0°, 40°, 80°, and
120° under 10 kHz excitation.

4.3.2.3 Ohmic (Eddy-Current) Loss Density

Figure 4.39 shows the corresponding ohmic (eddy-current) loss density for the four
shift angles. These plots are in good agreement with the eddy-current loss curve[60].
At 0°, loss hotspots are concentrated at the tooth tips and slot openings, but they
are active only during narrow time intervals when the three-phase ripple compo-
nents coincide. Consequently, the average eddy-current loss is the lowest among the
considered shift angles.

At 40° and 80°, the hotspot pattern remains similar in space, but the effective duty
of these hotspots over one period increases because different phases excite the same
regions at different instants. This extended “on-time” of local dB/dt leads to a
higher average eddy-current loss, which explains the nearly linear increase .

At 120°, the excitation of the teeth is almost uniformly distributed over the switching
period. The instantaneous hotspot intensity is comparable to the other cases, but
the regions with significant eddy-current density are active for the largest fraction of
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time. This results in one of the highest average eddy-current losses, while the solid
loss remains nearly constant with shift angle, because the overall current amplitude
and conductor utilisation do not change[61].
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Figure 4.39: Ohmic (eddy-current) loss density at different shift angles (10 kHz).

4.3.2.4 Summary

Overall, the field plots confirm that the shift angle mainly influences losses by
changing the temporal distribution of ripple-induced flux rather than the peak flux
density[64]. By staggering the phase ripples, higher shift angles reduce instanta-
neous superposition of the three phases but excite the core for a longer fraction of
the switching period. This leads to a monotonic increase in the average core and
eddy current losses, while the solid conductor loss remains almost insensitive to the
shift angle.
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4.3.3 Rotor Position
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Figure 4.40: Simulink: core losses vs. rotor position

The results show that iron losses vary minimally across the entire rotor position
range, displaying only slight periodic fluctuations[55]. In contrast to the negligible
frequency effect observed in Simplorer simulations, the combined Simulink—Maxwell
simulation reveals a clearer influence of frequency on losses. As the switching fre-
quency increases from 1 kHz to 30 kHz, iron losses decrease significantly and the
spacing between the curves becomes more consistent, indicating that high-frequency
modulation effectively suppresses pulsations in the magnetic flux density[58]. This
shows that current waveforms generated by Simulink more closely resemble actual
operating conditions in terms of harmonic suppression and dynamic response. This
enables the Maxwell model to accurately capture variation patterns in iron losses
corresponding to frequency changes.
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Figure 4.41: Simulink: eddy losses vs. rotor position

In Simplorer simulations, the differences in eddy current losses caused by changes in
frequency were not important. However, the results of this Simulink co-simulation
showed that it was possible to tell the difference between loss levels at different
frequencies[47]. As the frequency goes up, eddy current losses slowly go down. This
shows that high-frequency PWM lets you vary the magnetic flux more, which reduces
the eddy current loops created in the conductive iron core. This result shows that
the Simulink model better describes the current waveform characteristics at high
frequencies. This allows Maxwell’s field solution to reflect the theoretically expected
relationship between frequency and loss[48].
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Figure 4.42: Simulink: solid losses vs. rotor position

Solid losses exhibit periodic variations across different rotor positions; however, the
trend driven by frequency changes is more pronounced[65]. As the carrier frequency
increases from 1 kHz to 30 kHz, solid losses show a slight overall downward trend,
which is consistent with the inverse relationship between current ripple and fre-
quency. At higher frequencies, the reduced amplitude of the current ripple de-
creases transient current stresses in the conductors, leading to a slight decrease in
the average copper losses. In contrast to the more fluctuating results of Simplorer
simulations, the Simulink—Maxwell coupled simulation exhibits a smoother, more
physically plausible frequency dependence, accurately reflecting the actual impact
of ripple suppression on solid losses. This further demonstrates that incorporating
more precise current waveform modeling significantly improves the reliability and
consistency of electromagnetic loss calculations[55].

4.3.4 Rotor Position—Dependent Field Distribution at 10 kHz

To complement the numerical results of core losses and inductances, field plots were
generated at three rotor mechanical positions (3.75°, 20° and 40°) under the same
10 kHz excitation[60]. For each rotor position, the magnetic flux density magnitude,
Flux-Line Distribution, and the ohmic (eddy current) loss density are shown sepa-
rately. These visualizations provide further insight into how rotor alignment affects
the spatial distribution of the magnetic field and the resulting high-frequency loss
mechanisms.
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4.3.4.1 Flux-Density Magnitude Distribution

The peak flux density B.x remains nearly unchanged among the three positions,
indicating that the average magnetic loading is similar[61]. However, the spatial
coverage of the high-flux region changes progressively. At 3.75° the flux is most
concentrated around a single tooth, producing a sharper local B? peak. At 20°, the
high-flux region broadens and begins to spread into adjacent teeth. At 40°, the flux
becomes the most uniformly distributed across multiple teeth and a larger portion
of the yoke. From a volume-integral point of view, this reduction of flux concen-
tration decreases the effective amount of highly magnetised material, which helps
explain why the iron losses gradually decrease across the three sampled positions.
Such concentration—spreading—reconcentration patterns naturally repeat with rotor
mechanical periodicity, consistent with the periodic nature of the loss curve.

(a) 3.75° (b) 20° (c) 40°

Figure 4.43: Magnitude of magnetic flux density at rotor positions of 3.75°, 20°
and 40°.

4.3.4.2 Flux-Line Distribution under Different Rotor Positions

The flux-line contours further illustrate how the magnetic path reshapes with rotor
angle. At 3.75°, the flux lines form tightly packed loops predominantly linked to
a single tooth, indicating a more concentrated and asymmetric magnetic path. At
20°, the flux begins to redistribute over neighbouring teeth, and the contour spacing
within the teeth and yoke becomes more balanced. At 40°, the flux lines are the
smoothest and most evenly spread, with less pronounced crowding near individual
tooth tips. This transition from a single-tooth—-dominated flux channel to a multi-
tooth—shared path is a direct field-level mechanism that explains the progressively
reduced core and eddy-current losses in this particular angular segment.
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(a) 3.75° (b) 20° (c) 40°

Figure 4.44: Flux-line (A-field) distribution at rotor positions of 3.75°, 20°, and
40° under 10 kHz excitation.

4.3.4.3 Ohmic Loss Distribution

The ohmic-loss patterns also reflect this trend[32]. At 3.75°, the hotspots appear
more localised along the slot edges that experience the strongest magnetic coupling.
At 20°, the loss becomes more evenly distributed within the conductors, indicating
a reduction in high-frequency perturbation. At 40°, the distribution is the most
uniform, with no clearly dominant hotspot, suggesting that the effective AC re-
sistance—determined by skin and proximity effects—has slightly decreased as the
magnetic field becomes more evenly spread. As rotor position continues to vary,
these hotspots will shift periodically around the stator according to the relative
alignment between the rotor pole and stator teeth[47].
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(a) 3.75° (b) 20° (c) 40°

Figure 4.45: Ohmic-loss density at rotor positions of 3.75°, 20° and 40°. Hotspots
correspond to regions with strong spatial variation of flux density.

4.3.4.4 Summary

Overall, although the peak flux density remains almost unchanged, the spatial dis-
tribution of flux across the teeth and yoke becomes progressively more uniform from
3.75° to 40°[61]. This reduces both the volume of iron exposed to high B? levels
and the severity of high-frequency perturbations within the windings. The resulting
loss trend—3.75° being the highest, followed by 20° and then 40°—should therefore
be understood not as a monotonic function of rotor angle but as a segment of the
natural periodic variation produced by the repeated alignment and misalignment
between rotor poles and stator teeth.
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Conclusion

This work presents a comprehensive study of an integrated off-board fast charger
that reuses the EESM drive system for DC/DC boost functionality. Three simula-
tion stages were employed to evaluate the electromagnetic and system-level perfor-
mance:

The system-level co-simulation between ANSYS Maxwell and Simplorer enabled
real-time evaluation of the interactions between the converter, control system, and
machine model. The results demonstrated that both rotor position and PWM carrier
shift angle have measurable yet manageable effects on system performance. It was
established that variations in rotor position caused small oscillations in inductance
and torque. Furthermore, it was determined that the phase-shift angle significantly
influenced current ripple and iron losses. Increasing the shift angle resulted in higher
inductance, smoother current profiles, and reduced core losses, thereby enhancing
overall stability and energy efficiency.

The system simulation, which was based on the Simulink software, provided further
quantification of system-level performance, with a particular focus on the relation-
ship between switching frequency and power losses. It has been demonstrated that
higher switching frequencies can lead to a reduction in conduction losses due to a
more uniform current flow, although there is a concomitant slight increase in switch-
ing losses. The integrated charger exhibited high efficiency across the evaluated
frequency range, thereby confirming the suitability of the EESM-based topology for
high-power direct current (DC) charging.

In summary, this study confirms the technical feasibility and performance stability
of integrating the charging functionality into the EESM traction system. The co-
simulation and system analyses demonstrate that proper control of PWM phase shift
and excitation can effectively balance ripple, loss, and torque, achieving efficient fast
charging without hardware redundancy.
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Future Work

Although this thesis provides a detailed investigation of the influence of shifting
angle and rotor position on the electromagnetic behavior of the studied EESM under
electric vehicle charging conditions, several aspects remain open for future research.
First, the present study is conducted on a specific machine geometry with fixed pole
and slot numbers. Future work may extend the proposed analysis methodology to
machines with different geometric configurations and ratings, in order to evaluate
the generality of the observed trends under standstill charging operation.

Second, the current analysis focuses on electromagnetic performance under static
operating conditions, where the machine operates at zero speed and functions as
a magnetic component during charging. Future studies could further investigate
the interaction between shifting angle and high-frequency excitation characteristics,
such as switching frequency, current ripple, and harmonic content, to improve loss
reduction and magnetic utilization in charging mode[66].

Third, the loss evaluation in this thesis is based on electromagnetic simulation re-
sults. Future research may integrate electromagnetic-thermal co-simulation to as-
sess temperature-dependent effects on copper loss, core loss, and material properties,
which become increasingly important during prolonged charging processes[67].

In addition, experimental validation represents an important direction for future
work. Prototype measurements or laboratory testing under standstill excitation
could be used to verify the simulation results and to quantify modeling uncertainties
related to material nonlinearity and manufacturing tolerances[68].

Finally, future work may explore control-oriented optimization strategies, where
the shifting angle is selected or adapted specifically for charging operation, aiming
to achieve an optimal balance between efficiency, loss minimization, and thermal
performance[69].
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